The improved analysis also improves short-range forecasts in the tropics. Ensemble forecasts initialized with the GEOS analysis incorporating TMI rain rates and TPW yield smaller biases in tropical precipitation forecasts beyond 1 day and better 500 hPa geopotential height forecasts up to 5 days.
1.

Introduction
Global reanalyses are useful in a variety of earth science applications but currently have order-one errors in primary fields of the hydrological cycle such as precipitation and evaporation, especially in the tropics (WCRP 1998 , Adler et al. 1996 . These errors limit the utility of these data for understanding the hydrological cycle and its role in climate variability. in sub-optimal applications without knowing their error characteristicsand that physical parameterizations in the GEOS model havesufficient fidelity to capitalizeon using thesedata.
In this articlewe report on the impact of assimilatingTMI-derived surfaceprecipitation andTPW retrievalson analysesproducedby a 2°lat by 2.5"long by 46 model level version of the GEOS DAS using a slightly improved I+ID algorithm. We plan to assimilateTRMM PR rainfall productsat a later date using a higher resolutionGEOSDAS.
The quality and utility of reanalysesas climate data setsdependupon their ability to captureclimatesignalswith quantitativeaccuracy. Observationsof outgoingradiativefluxes at the top of the atmosphere (currentlynot assimilatedin the GEOS DAS) provide an independent measure of the overallquality of the GEOSassimilationdataproducts.Radiationmeasurements from the Cloudsand Earth'sRadiationEnergySystem(CERES)instrumentaboardthe TRMM satellitewill be usedasa key verificationdataset.We will alsocompareclearandcloud-cleared brightnesstemperaturesfrom spectralchannelsof the TIROS OperationalVertical Sounder (TOVS) with synthetic brightnesstemperaturescomputedusing the GEOS temperatureand moisture fields to infer how rainfall and TPW assimilation affects the upper tropospheric humidity andthe troposphericcirculation andtemperature.
Section 2 describesthe 6-hr averaged, gridded TMI rainfall and TPW data sources.
Section3 givesa brief summaryof the 1+1D assimilation scheme usedin Hou et al. (1999a) and the further refinementsadopted in the presentstudy. Section 4 describesthe assimilation experiments. Sections 5 and6 examinethe impactof TMI rainfall andTPW assimilationon the monthly-meanfields and short-rangeforecasts,respectively.Section 7 summarizesthe main findings of this study.
Precipitation and TPW Observations
a. TMI GPROF precipitation retrieval
The TMI rain rates we use are physical retrievals using the Goddard Profiling (or GPROF) et al. (1996) and Haddad et al. (1997 
The I+ID Assimilation Algorithm
The algorithm we use to assimilate precipitation and TPW is an assimilation procedure in "1+1" dimensions based on a 6-hr time integration of a column version of the GEOS GCM with full model physics, with the advective terms prescribed from a preliminary 6-hr assimilation using conventional observations. Details of this I+ID assimilation procedure and the basic features of the GEOS DAS are described in Hou et al. (1999a) . At each gridbox where the difference between the observed 6-hr rain rate, P", and the modelgenerated rain rate, U, exceeds 1 mmd -_, we minimize the cost function given in Hou et al.; viz:
where 6 is a small constant used to prevent logarithmic singularity at zero rain rate (taken to be 0.01 mm dl HIRS2 12 has a peak sensitivity to UTH between about 300 and 500 hPa depending on local conditions. Figure 6 compares the monthly-mean from the synthetic HIRS2 12 brightness temperature GEOS analyses with observation. Figure  6a shows that the synthetic brightness temperature of the GEOS control has a cold bias, indicative of a moist bias in UTH throughout the tropics. The difference in synthetic brightness temperature in Fig. 6b (1999a) . The spatial correlation between the warm brightness temperature anomaly in Fig. 6b and the area of negative specific humidity anomaly at 400 hPa in Fig. 6c is -0.65, while the correlation between the negative humidity anomaly and the positive (descending) omega velocity anomaly in Fig. 6d is -0.78. Thus the drying of the upper troposphere is directly linked to enhanced subsidence due to an improved tropical precipitation (aee section 5e).
The MSU 2 has a relatively broad sensitivity to tropospheric temperature that peaks near 600 hPa and has a small sensitivity to surface emission. Figure 7a shows that the monthly-mean synthetic MSU 2 brightness temperatures in the GEOS control are higher than the observed MSU 2 values, consistent with a warm bias in the temperature analysis. But these differences may not be significant since they are less than the overall uncertainty of about 2 K in brightness temperatures. We can remove this ambiguity by examining changes in the synthetic brightness temperatures between the two assimilation runs. Figure 7b shows that the impact of rainfall and TPW assimilation is to reduce the warm biases by 0.05 to 0.2 K over large portions of the tropics. Changes of this size may be significant given the broad weighting function and are consistent with the slightly reduced bias and std dev shown in Fig. 7b Table 4 . Ensemble precipitation forecasts initializedwith the GEOSanalysiswith TMI rainfall and TPW datahavesignificantlysmallerbiasesin the tropics for forecasttimes longer than 9 hours.
Impact on Forecast
a. Precipitation forecast
The GEOS PCP+TPWanalysisalso producesbetter ensemble5-day forecastsof the 500 hPa geopotential heightand2-dayforecastsof the 200hPa divergentwinds in the tropics. Although the GEOSanalysiswith TMI rainfall andTPW dataproducesbetter short-rangeforecasts,it is worth noting that improvementsin the time-averagedfields are even more significant. This suggests that, in the presenceof biasesandother errorsof the forecastmodel,it is possibleto improvethe time-averaged "climatecontent"in the assimilateddatawithout necessarilyrequiring comparableimprovementsin forecastskills.
This study demonstrates that assimilatingTMI rainfall andTPW datacan substantially improveassimilated datasetsevenin sub-optimalapplicationswithout error specifications.It is possibleto makemore effective use of theseobservationsthrough error covariancemodeling.
Resultsof this study provide a baselinefor testingthe performanceof error covariancemodels in a generalizedrainfall andTPW assimilationscheme.
Given the limited spatial coverageof TRMM in a 6-hr window, TRMM observations alonecannotimprovethe precipitationanalysisover the entire tropics. What we presenthereis a proof-of-concept demonstration of the potentialof using rainfall andTPW observationsfrom 
(1)-(3) yields a Aq as a function of a single parameter, a :
If TPW data are not used, Aq is set to zero, so that the moisture increment due to precipitation data introduces no net moisture source in a vertical column. This does not mean that q is conserved duringthe assimilation cycle sincemoisturecanbe modified by convectiveprocesses (seeHou et al. 1999a 
